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CD22 is an inhibitory coreceptor on the surface of B cells that
attenuates B cell antigen receptor (BCR) signaling and, therefore,
B cell activation. Elucidating the molecular mechanisms underlying
the inhibitory activity of CD22 is complicated by the ubiquity of
CD22 ligands. Although antigens can display CD22 ligands, the
receptor is known to bind to sialylated glycoproteins on the cell
surface. The propinquity of CD22 and cell-surface glycoprotein
ligands has led to the conclusion that the inhibitory properties of
the receptor are due to cis interactions. Here, we examine the
functional consequences of trans interactions by employing sialy-
lated multivalent antigens that can engage both CD22 and the BCR.
Exposure of B cells to sialylated antigens results in the inhibition of
key steps in BCR signaling. These results reveal that antigens
bearing CD22 ligands are powerful suppressors of B cell activation.
The ability of sialylated antigens to inhibit BCR signaling through
trans CD22 interactions reveals a previously unrecognized role for
the Siglec-family of receptors as modulators of immune signaling.

B cell antigen receptor � multivalency � sialic acid � siglec � autoimmunity

The initiation of an immune response or the prevention of
autoimmunity depends upon the ability of the B cell antigen

receptor (BCR) to transmit signals that positively or negatively
regulate B lymphocyte survival, proliferation, and differentiation
(1). To avoid detrimental autoimmune responses, a means of
differentiating between foreign and self-antigens is required; co-
receptors that modulate BCR signaling can ensure that these
distinctions are made. CD22 is an inhibitory coreceptor that can
attenuate BCR signaling (2, 3). CD22 null mice possess hyperre-
sponsive B cells (4), illustrating a role for CD22 in establishing a
threshold for B cell activation. Specifically, an increase in intracel-
lular Ca2� ion concentration is a hallmark of B cell activation (5, 6),
and B cells isolated from CD22 null mice display increased Ca2�

flux in response to antigen (4, 7). Thus, loss of CD22 results in a
lowering of the threshold for B cell activation. Other data also
support this conclusion: CD22 null mice exhibit increased serum
IgM concentrations, decreased surface IgM levels on peripheral B
cells, increased induction of apoptosis in response to BCR cross-
linking, and increased serum autoantibody titers (8). These obser-
vations are consistent with the loss of CD22 leading to increased
sensitivity and chronic B cell activation.

The process of B cell activation ensues upon binding of multi-
valent antigen to the BCR. Antigen-induced clustering elicits
phosphorylation of the cytoplasmic immunoreceptor tyrosine-
based activation motifs (ITAMs), which are present in the BCR-
associated signaling proteins Ig�/�. The phosphorylation reaction
is catalyzed by Src-family kinases such as Lyn. Upon phosphory-
lation of the BCR components, Syk kinase is recruited to the BCR
signaling complex (9). Syk is essential for propagating BCR signal-
ing (10, 11). It acts along with other accessory proteins to activate
the phospholipase PLC�2 (12, 13). Once activated PLC�2, effects
lipid hydrolysis to afford the secondary messengers diacylglycerol
and inositol trisphosphate. The latter triggers the release of intra-
cellular Ca2� stores, which promotes a transient influx of extracel-
lular Ca2�. CD22 can modulate B cell activation, but the molecular
mechanism by which it functions has not been clear.

One domain of CD22 that is critical for its ability to attenuate
BCR activation is the intracellular region that possesses immu-
noreceptor tyrosine-based inhibitory motifs (ITIMs). The kinase
Lyn catalyzes the phosphorylation of these ITIMs (14), which
facilitates the recruitment of negative regulators of BCR signal-
ing. One such regulator, the phosphatase SHP-1, can promote
the hydrolysis of phosphorylated signaling components thereby
diminishing BCR activation (15). The ability of CD22 to attract
proteins like SHP-1 is consistent with its inhibitory role, yet how
CD22 ligands influence these processes is unclear.

CD22 (Siglec-2) is a member of the sialic acid-binding Ig-like
lectin (Siglec) family of receptors. Like other members of this
family, it interacts with glycoconjugates possessing terminal sialic
acid residues. Studies examining the carbohydrate specificity of
CD22 have revealed its preference for �2,6-linked sialylated glycans
(16). These glycoconjugates are present on some antigens, yet they
also are abundant on the B-cell surface (3, 17). Cis interactions
between CD22 and proximal glycoconjugates can mask the co-
receptor to exogenous (trans) ligands. Specifically, when CD22-
positive cells are exposed to the types of monovalent CD22 ligands
that occur naturally, no binding is detected (18–20). Even multi-
valent presentations of these ligands fail to interact with CD22
(18–20). These observations are consistent with studies indicating
that CD22 binds only weakly to naturally occurring carbohydrate
ligands (21). Overcoming this masking requires some perturbation
of the system—either the degradation or removal of the B cell
surface sialic acid residues or the use of nonnatural carbohydrate
derivatives that can outcompete the natural ligands for CD22 (22,
23). Thus, data from B cell binding studies emphasize the difficulty
of overcoming cis interactions.

Complementing the binding studies are investigations indicat-
ing a functional role for cis CD22 ligands. B cells isolated from
mice lacking the sialyltransferase necessary for generating CD22
ligands (St6gal1�/�) show attenuated Ca2� f lux after BCR
engagement (24). Thus, the B cell response to antigen is com-
promised. This finding was rationalized by positing that when B
cells lack cis ligands, there is increased association of CD22 with
the BCR on unstimulated B cells (25). CD22 localizes to
clathrin-rich domains before antigen recognition, but the BCR
does not. BCR engagement is thought to trigger colocalization
of CD22 and the BCR. Accordingly, cis interactions of CD22
with cell surface glycoproteins help to sequester it from the BCR
before antigen stimulation (24, 25). Mice lacking ST6Gal I also
exhibit reduced serum IgM, decreased B cell proliferation after
BCR cross-linking, and impaired antibody production in re-
sponse to antigens. These results suggest that cis interactions are
critical for CD22 function (24).
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In contrast, a functional role for trans interactions has been
lacking. An understanding of the contribution of trans interac-
tions could provide insight into how antigen features influence
CD22 function and guide the design of antigens that can exploit
it. Several lines of evidence suggest that trans interactions may
be important. When cells interact, CD22 redistributes to areas of
cell–cell contact (17). This redistribution may be due to the
aggregate avidity of many glycoconjugates on a cell interacting
with many copies of CD22 on another. When cells that fail to
present CD22 ligands (ST6Gal I null) were used to display
antigen, cognate B cells up-regulated surface markers consistent
with activation (26). This observation indicates that, in the
absence of trans CD22 ligands, B cells can respond more
efficiently to antigen on an adjacent cell. It also has been
proposed that subpopulations of cells could exist in an unmasked
state or that CD22 unmasking can occur after B cell activation
(19, 27). We sought to determine whether antigens that bind
CD22 elicit responses similar to those that do not.

We hypothesized that multivalent antigens could be used to
explore whether trans interactions can recruit CD22 function. To
this end, we generated a series of synthetic antigens and assessed
their influence on BCR signaling. Our results indicate that chem-
ically defined antigens can function as powerful tools for investi-
gating how molecular interactions and receptor localization influ-
ence coreceptor function. The data indicate that coengagement of
CD22 and the BCR evokes a profound inhibitory effect on B cell
activation. Moreover, the synthetic ligands can illuminate key steps
in the signal transduction cascade that can be influenced by CD22
engagement.

Results
Synthesis of Antigens for Probing CD22 Function. Our strategy to
illuminate CD22 function depends upon the design and synthesis
of chemical probes. We and others had shown previously that
polymeric antigens can induce B-cell activation (28, 29). We
reasoned that polymeric antigens that display a BCR-binding
epitope and a CD22 ligand should provide an excellent test for
trans interactions in CD22 signaling. Specifically, if only cis CD22
interactions are relevant, CD22 will be masked, so the antigens
will interact solely with the BCR. Their ability to cluster the BCR
would elicit B-cell activation. In contrast, if the sialylated anti-
gens can engage both the BCR and CD22 through trans inter-
actions, we predicted that they would dampen B-cell activation.

To generate ligands with the necessary attributes, we used the
ring-opening metathesis polymerization (ROMP) (Fig. 1). This
reaction is useful for antigen synthesis because it affords polymers
with defined lengths and narrow molecular mass distributions
(30–32). Additionally, compounds generated by ROMP are espe-
cially effective at clustering proteins and activating signaling (33,
34). The antigen we incorporated, 2,4-dinitrophenyl (DNP), is
convenient because it can be readily attached to the polymer
backbone and a murine B cell line displaying a DNP-specific BCR
is available (A20.2J HLTNP denoted A20HL) (35, 36). The design
of the CD22 ligands was guided by our previous studies indicating
that a polymer bearing a sialic acid-terminated trisaccharide can
engage CD22 on the cell-surface (20). Using these components and
precedents, we synthesized polymers that can bind to cells through
the BCR alone (1), CD22 alone (2), or both (3). The target antigens
were assembled from succinimidyl ester-substituted polymers,
which were elaborated with DNP-lysine and/or an amine-
substituted trisaccharide that functions as ligand for CD22
(Neu5Ac�2,6Gal�1,4Glc denoted as CD22L) to generate a DNP-
substituted homopolymer, a trisaccharide-substituted homopoly-
mer, and a copolymer that displays both recognition elements.
After coupling of the recognition elements, any remaining succin-
imidyl esters were blocked with ethanolamine (Fig. 1). The use of
a single succinimidyl ester-substituted polymer stock ensures that
antigen characteristics, such as valency and polydispersity, are
preserved (37). Other design features of the DNP-substituted
antigens are the density of the antigenic epitopes they present and
their valency. Both parameters were chosen to elicit robust BCR
signaling. Specifically, the hapten density for both homopolymers
and copolymers was 33–36%, and we had shown previously that this
level of substitution results in BCR binding and signaling (29). The level
of substitution of CD22L was 25%, which we anticipated would be
sufficient to allow for CD22 binding. The degree of polymerization for
all of the synthetic antigens was �250 (Fig. 1), and polymers of this
length (valency) can activate BCR signaling (see below).

If CD22 is masked on the surface by interactions with B cell
surface glycoconjugates, ligands displaying sialylated oligosaccha-
rides should fail to interact [supporting information (SI) Fig. S1]
(18–20). To test for cis interactions, we treated A20HL cells with
fluorophore-labeled polymer 2 that presents a trisaccharide CD22
ligand (Fig. 1) (20). Analysis by flow cytometry revealed that
binding of the polymer was blocked (Fig. S1). Thus, even though
compound 2 is multivalent, CD22 is not accessible to it. To test

Fig. 1. Synthetic antigens used to investigate CD22
recognition. Polymers with a degree of polymeriza-
tion of 250 (n � 250) were used. The substituents
include the dinitrophenyl (DNP group, R1, blue), the
CD22 ligand Neu5Ac�2,6Gal�1,4Glc (CD22L, R2, red),
or the spacer unit derived from ethanolamine cou-
pling. The level of substitution of each group (mole
fraction �) for compound 1 is R1 � � 0.33, R3 � � 0.67;
for compound 2 is R2 � � 0.23, R3 � � 0.77; for
compound 3 is R1 � � 0.36, R2 � � 0.24, R3 � � 0.40.
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whether binding can occur when cis interactions with cell surface
glycoproteins are alleviated, we treated cells with periodate. This
reagent effects the oxidative cleavage of surface sialic acid residues,
thereby liberating CD22 (18). After this treatment, the polymer
probe bearing the CD22L binds. These data indicate that the
polymer can complex CD22 in the absence of cis interactions, but
it cannot compete effectively with cell surface glycoconjugates for
the lectin. These results are consistent with previous observations
indicating that if CD22 is to function in trans, cis interactions must
be overcome (18–20, 22, 23).

Sialylated Multivalent Ligands Inhibit B Cell Activation. Binding
studies indicate that CD22 engages in cis interactions. If CD22
functions solely through cis interactions, polymers bearing a
CD22-binding group and a BCR-specific antigen should elicit B
cell activation. To test for this response, we monitored a critical
indicator: the transient influx of extracellular Ca2� into the
cytosol. Intracellular calcium ion concentration ([Ca2�]i) can be
monitored in real-time in live cells with flow cytometry using the
ratiometric Ca2�-chelating dye indo-1 (38). We compared the
Ca2� f lux elicited by DNP-substituted polymer 1, CD22 ligand
(CD22L)-substituted polymer 2, and DNP/CD22L-substituted
copolymer 3 (Fig. 2). Consistent with our previous results, we
observed that stimulation with polymers substituted only with
the DNP antigen causes a rapid increase in [Ca2�]i (Fig. 2A). In
contrast, the addition of CD22L homopolymer 2 had no effect,
as would be expected from its binding data. Intriguingly, the
DNP/CD22L copolymer 3 did not promote the increase in
[Ca2�]i that is indicative of B cell activation; it elicited little or no
change in [Ca2�]i. We tested polymers 1 and 3 over several
concentrations, but only the DNP-substituted polymer 1 elicited
robust Ca2� flux. Treatment with DNP/CD22L copolymer 3 con-
sistently squelched Ca2� flux (Fig. 2A and Fig. S2). To test whether

antigen binding results in CD22 unmasking, we added both the
CD22L-bearing homopolymer and the DNP-substituted ho-
mopolymer. This combination resulted in an increase in [Ca2�]i,
which is a response similar to that obtained when cells are treated
with the DNP homopolymer 1 alone (Fig. 2B). These results suggest
that coclustering of CD22 and the BCR block B cell activation.
Consistent with this model, antigenic polymers with lower levels of
the CD22 ligand were weak activators of Ca2� flux (Fig. S3A). In
contrast, a copolymer displaying a saccharide that does not bind
CD22, Gal�1,4Glc, initiated robust Ca2� flux (Fig. S3B). These
findings suggest that trans interactions with CD22 dampen signal-
ing. To explore further the influence of the sialylated antigen, we
examined other signatures of B cell activation.

A feature of BCR signaling is that it results in the phosphor-
ylation of a wide array of signaling components (39, 40) (Fig. S4).
Thus, we assessed the influence of the polymeric antigens on the
level of protein tyrosine phosphorylation. A20HL cells were
treated with the different polymers for various intervals and then
lysed; the resulting samples were subjected to immunoblotting to
detect tyrosine phosphorylation (Fig. 3). In cells exposed to
polymer 2, which is substituted only with the CD22L, no change
in phosphorylation was observed. In contrast, samples treated
with DNP-substituted polymer 1 exhibited the high levels of
increased tyrosine phosphorylation indicative of activation.
These results are consistent with the influence of antigens 1 and
2 on [Ca2�]i. Compared with the responses due to antigenic
polymer 1, treatment with the DNP/CD22L copolymer 3 re-
sulted in levels of phosphotyrosine that were reduced dramati-
cally. This reduction was detectable even at very early time points
(30 s). Together, the data suggest that CD22 recruitment atten-
uates BCR signaling through trans ligand recognition.

Copolymer Treatment Promotes the Phosphorylation of CD22 and Lyn
but Not Syk or PLC�2. Although the profiles of phosphotyrosine-
containing proteins for untreated and DNP/CD22L copolymer

Fig. 2. Antigenic polymers possessing CD22 ligands inhibit calcium flux. (A) Calcium flux was assayed by using the ratiometric dye indo-1 and flow cytometry
(Left). After establishing the base line, cells were treated with polymers (DNP concentration of 5 �M; CD22L concentration of 3.5 �M) at t � 0. Peak Ca2� flux
from A20HL cells treated (Right) with both DNP homopolymer and DNP/CD22L copolymers at 1.25–10 �M DNP. (B) Cells also were treated with the CD22L
homopolymer alone or CD22L homopolymer followed by DNP homopolymer (Left) and peak Ca2� flux (Right) determined. All error bars represent 1 standard
deviation from the mean of 3 independent experiments.
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3-treated cells were similar, they were not identical. Analysis of
the data suggests that the DNP/CD22L antigen 3 does promote
some signaling. We therefore compared the ability of the potent
activator 1 and the bifunctional 3 to promote the phosphoryla-
tion of key proteins that propagate BCR signals.

Neither CD22 nor the BCR signaling components Ig�/�
possess intrinsic kinase activity; therefore, accessory nonrecep-
tor tyrosine kinases are required to promote their phosphory-
lation (Fig. S4). This process presumably occurs when CD22 and
the BCR are recruited to domains enriched in Src-family kinases,
such as Lyn (41). Because Lyn can catalyze the phosphorylation
of both the BCR and CD22 (14), we tested the effects of antigens
1 and 3 on Lyn activation. The kinase activity of Lyn is unleashed
when its activation loop is phosphorylated; therefore, we probed
for this modification (42). Exposure of B cells to either DNP
homopolymer 1 or the DNP/CD22L copolymer 3 resulted in
rapid and transient phosphorylation of Lyn (Fig. 4A). These data
indicate that both types of antigens can engage and cluster the
BCR and thereby initiate the earliest events in BCR signaling.

If Lyn is activated, it should effect the phosphorylation of CD22
(Fig. S4). Upon BCR engagement, tyrosine residues within the
CD22 ITIMs can be modified (14, 43). Because antigenic polymers
1 and 3 can bind the BCR, each should elicit CD22 phosphorylation.
As expected, treatment of cells with CD22L homopolymer 2 failed
to promote phosphorylation of CD22 (Fig. S5A). In contrast, DNP
homopolymer 1 promoted CD22 phosphorylation, as did copoly-
mer 3. These data are consistent with our expectations that BCR
engagement should result in CD22 phosphorylation (44). Although
both antigens 1 and 3 elicited this modification, there were differ-
ences. Comparable levels of CD22 phosphorylation were observed
at early time points (30 s–1 min), but at later time points (5–15 min),
samples from cells exposed to copolymer 3 had higher levels of
CD22 phosphorylation (Fig. 4B and Fig. S5B). The finding that 3
elicits sustained phosphorylation is notable, because it indicates
that responses to antigen are altered dramatically by trans CD22
interactions.

To probe whether downstream steps are perturbed, we investi-
gated the status of relevant effectors. An increase in [Ca2�]i results
when the secondary messenger IP3 is generated through the action
of PLC�2 (Fig. S4). The activity of PLC�2 is triggered by phos-
phorylation, and antigen stimulation results in the modification of
several different tyrosine residues. To determine whether different
polymers vary in their abilities to promote PLC�2 phosphorylation,
we used a phosphospecific antibody against PLC�2 Y1217 (45). As
expected from our previous data, stimulation with the DNP-

substituted homopolymer 1 induced rapid phosphorylation. In
contrast, the DNP/CD22L copolymer 3 had no influence (Fig. 5A).
These observations are consistent with the Ca2� flux data, in which
the DNP-substituted antigen 1 affords large increases in [Ca2�]i, but
the bifunctional antigen 3 does not.

In addition to testing for PLC�2, we monitored the activation
state of the kinase Syk. This enzyme, which is obligatory for B
cell development (10, 11), is critical for propagating BCR
signaling (9). Because Syk appears to act downstream of Lyn, we
were interested in whether antigens 1 and 3 would influence Syk
activation. We found that cells stimulated with DNP homopoly-
mer 1 resulted in an increase in the phosphorylation of tyrosine
residues (Y519/520) located within the activation loop of Syk
kinase (46). In cells treated with the DNP/CD22L copolymer 3,
however, Syk phosphorylation was almost completely abolished
(Fig. 5B). These results reveal that antigens that can interact with
both the BCR and CD22 give rise to signals that differ dramat-
ically from those elicited by antigens that bind only to the BCR.

Discussion
A variety of studies indicate that cis ligands are important for
CD22 function, but whether glycosylated antigens can bind
CD22 in trans and influence signaling was ambiguous. This
ambiguity stems from inadequacy of standard approaches for
addressing this question. Specifically, CD22 ligands are ubiqui-
tous, so the contributions of cis and trans interactions are difficult
to separate. Additionally, only nonnatural high-affinity ligands
have been shown to bind CD22 in trans, and because these do not
engage the BCR, they would not be predicted to influence
signaling (22, 23). Bifunctional antigens provide a means to
directly assess the functional roles of cell-surface (cis) and

Fig. 3. Antigenic polymers possessing CD22 ligands attenuate tyrosine
phosphorylation. Stimulation of A20HL cells with DNP homopolymer results in
an increase in cellular protein tyrosine phosphorylation as assessed by immu-
noblot of cellular lysates using anti-phosphotyrosine antibody. In contrast,
DNP/CD22L copolymer-treated cells show little change in tyrosine phosphor-
ylation after stimulation, whereas CD22L homopolymer-treated cells remain
unchanged. Cells were stimulated by using a final concentration of 5 �M DNP
and/or 3.5 �M CD22L.

Fig. 4. Polymer stimulation results in Lyn and CD22 phosphorylation. (A)
A20HL cells were stimulated with polymers and lysed, and the resulting
samples were subjected to immunoprecipitation using anti-Lyn. Immunoblot
analysis with a phosphospecific antibody was performed. Immunoprecipita-
tion efficiency was monitored by probing with anti-Lyn. Treatment with either
the DNP homopolymer or the DNP/CD22L copolymer resulted in Lyn phos-
phorylation (Y396). (B) Similarly CD22 was immunoprecipitated with anti-
CD22. Both the DNP homopolymer and the DNP/CD22L copolymer stimulation
resulted in CD22 phosphorylation; however, increased phospho-CD22 is ob-
served at later time points with copolymer. Cells were stimulated by using a
final concentration of 5 �M DNP (3.5 �M CD22L). See Fig. S6.
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antigen-presented (trans) CD22 ligands on B cell activation.
Thus, we designed compound 3.

We reasoned that a sialylated antigen like 3 could bind CD22
because interactions between CD22 and its cis ligands are weak.
Indeed, the monovalent dissociation constants are in the range
of 100–200 �M (21). With their low affinities, cis interactions
with CD22 should be kinetically labile. Given that antigen
binding to the B cell receptor results in its localization on the cell
surface, antigens bearing even a low-affinity CD22-binding
group might compete effectively with cell-surface glycoconju-
gates. We postulated that antigens that can bind in this way could
induce responses distinct from those promoted by antigens that
do not bind CD22. If cis interactions predominate, compound 3
should activate B cells; if trans interactions are important, it
should suppress activation. A comparison of B cell signaling in
response to antigen 1 versus bifunctional antigen 3 reveals key
differences. The most striking is that antigen 1 activates B cells
but the bifunctional antigen 3 does not. This conclusion is
supported by monitoring 2 hallmarks of B cell activation: an
increase in intracellular calcium ion concentration and an in-
crease in phosphotyrosine levels. One explanation for the in-
ability of compound 3 to activate BCR signaling is that the
addition of saccharide groups to the polymer backbone prevents
DNP binding. To test for this possibility, we synthesized an
antigen bearing DNP groups and a saccharide (Gal�1,4Glc) that
does not interact with CD22. In contrast to antigen 3, the
copolymer displaying DNP and Gal�1,4Glc groups elicits robust
B cell activation (Fig. S3). These findings indicate that the
suppression of B cell activation observed with compound 3 arises
from its ability to interact with both the BCR and CD22.
Together, these results indicate trans interactions with CD22
suppress antigen-initiated B cell activation.

The differences in B cell activation elicited by antigen 1 and
bifunctional antigen 3 prompted us to examine specific steps in
the signal transduction cascade. Both antigen types promote an
early step in B cell activation—the phosphorylation of the
Src-family kinase Lyn. Both types of antigens also cause CD22
phosphorylation. Still, the duration of CD22 phosphorylation
was longer when cells were treated with sialylated antigen 3. This

observation suggests that the proximity of CD22 and the BCR
influence the level of CD22 phosphorylation. We also found that
in cells treated with antigen 3 key BCR signaling effectors
PLC�2 and Syk were not phosphorylated and therefore not
activated (Fig. 5). This response (i.e., phosphorylation of Lyn but
not of Syk) is similar to that observed in the presence of the
inhibitory coreceptors CD72 and PIR-B, which recruit the
phosphatase SHP-1 to the BCR signaling complex (47, 48).
Together, the data indicate that antigen 3, which can bind the
BCR and CD22 in trans, elicits some initial BCR signaling events
but suppresses the activation of downstream effectors.

The influence of the DNP/CD22L-substituted antigen 3 on BCR
signaling and the inactivity of CD22L homopolymer 2 provides
evidence that recruitment of CD22 to the BCR is critical for signal
attenuation. A role for CD22 localization is supported by studies
using B cells from ST6 Gal I null mice. CD22 localization on resting
B cells is sensitive to �2,6-Sia concentrations on the cell surface
(25), a finding that suggests that cis interactions sequester CD22
from the BCR before antigen engagement (24). In this model,
antigen engagement results in colocalization of CD22 and the BCR,
which suppresses activation. Our results provide independent sup-
port that when CD22 and the BCR are proximal, BCR signaling is
diminished.

The available data indicate that the negative regulatory role of
CD22 can be recruited via both cis and trans interactions. We
postulate that both modes are important for modulating B cell
activation. Cis ligand interactions can sequester CD22 from the
BCR, so that B cells can be activated, and upon activation, they
help dampen BCR signaling. When antigens that can engage in
trans interactions are present, CD22 recruitment to the BCR
attenuates signaling dramatically. Thus, cis and trans interactions
are not mutually exclusive but rather are different binding modes
that are critical for controlling the level of CD22 suppression of
B cell activation (Fig. 6).

The ability of CD22 to function in trans provides evidence that
antigen glycosylation can serve as an innate form of self-
recognition (26). Our data indicate that the level of CD22 ligand
substitution on an antigen can influence its ability to activate B
cells (Fig. S2). Specifically, those antigens displaying no CD22
ligands were potent activators, those with modest levels of CD22
ligand substitution were weak activators, and those with high
levels were extremely effective suppressors. These findings are
consistent with observations that tolerogenic or immature cells
display �2–6 sialic acid moieties at higher levels than immuno-
genic or activated cells (49). Moreover, our results indicate that
changes in carbohydrate expression and recognition can have
dramatic effects on immune reactivity and tolerance. By manip-
ulating levels of sialylated glycoconjugates, it may be possible to
alter the immunogenicity of an antigen or cell. Additionally, our
findings indicate that ligands that can coopt inhibitory receptors
such as CD22 may offer a fundamentally different approach to
blocking deleterious autoimmune responses.

Fig. 5. Antigen sialylation prevents Syk and PLC�2 activation. (A) A20HL cells
were stimulated with polymers and lysed, and the resulting samples were
subjected to immunoprecipitation using anti-Syk. Immunoblot analysis with a
phosphospecific antibody (Y519/520) was performed. Two isoforms are visi-
ble. (B) PLC�2 activation was assessed by immunoblot analysis of lysate from
polymer-treated cells using a phosphospecific antibody (Y1217). As with Syk,
the DNP homopolymer treatment resulted in PLC�2 activation as assessed by
phosphorylation (Y1217). Cells were stimulated by using a final concentration
of 5 �M DNP (3.5 �M CD22L). See Fig. S6.

Fig. 6. Antigenic polymers displaying hapten (DNP) initiate activation of
early B cell signaling events. Copolymers displaying DNP and a ligand for the
coreceptor CD22 result in the attenuation of B cell activation.
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Materials and Methods
Cell Culture. A20/2J cells stably transfected with DNP/TNP-specific mIgM (35,
36) to generate the A20/2J HLTNP cell line were provided by A. Ochi (University
Health Network, Toronto, ON, Canada). A20/2J HL HLTNP cells were cultured in
RPMI medium 1640 supplemented with 2 mM L-glutamine, 10% FBS, 50 �M
2-mercaptoethanol, 100 U/mL�1 penicillin and 100 U/mL�1 streptomycin.

Calcium Flux. Cells were resuspended in DPBS (pH 7.4) at 2 � 106 cells per mL�1

and loaded 6 �g mL�1 indo-1 a.m. (Invitrogen) for 40 min at 37 °C. Cells were
then washed and resuspended at 1 � 106 cells mL�1 in DPBS supplemented
with 1% BSA and 1 mM CaCl2. Cells were analyzed by using BD FACSVantage
SE and LSR II flow cytometers. The indo-1 emission ratio (R) was monitored as
F2/F1, where F2 corresponds to Ca2�-bound (405 nm) and F1 Ca2�-free (490 nm).
[Ca2�]i was determined by using the formula [Ca2�]i � KdB[(R � Rmin)/(Rmax �
R)], where Kd is the dissociation constant for indo-1, and Ca2� and B �
F1,min/F1,max (38). Minimum and maximum values for R and F1 were determined
from analysis of samples lacking Ca2� (2 mM EDTA) or with saturating levels
of Ca2� (4 �M ionomycin). Kinetic analysis of [Ca2�]i was performed by using
the FlowJo software package.

Antibodies. All secondary Ab were obtained from Jackson ImmunoResearch.
Anti-CD22 mAB (2D6) was obtained from Southern Biotech. Anti-phosphoty-
rosine-HRP mAB (PY20) was obtained from Santa Cruz Biotechnology. Phos-
phospecific and corresponding pABs against PLC�2, Syk and Src-family kinases
were obtained from Cell Signaling Technology.

Immunoblots. Cells were prepared as for Ca2� flux experiments and resus-
pended at 1–2 � 106 cells mL�1 in DPBS supplemented with 1 mM CaCl2 (and

1% BSA for immunoprecipitation). Cells were incubated at 37 °C for 10 min
before stimulation. Aliquots were lysed on ice at a final concentration of 1%
Triton-X 100, 1 mM EDTA, 2 mM Na3VO4, 2 mM Na2MoO4, 2 mM NaF and 1:100
HALT protease inhibitor mixture (Pierce). Samples were resuspended in SDS/
PAGE sample buffer and run on 10% Tris�HCl gels. For immunopreciptiations
samples were pelleted to remove debris (15,000 � g,10 min, 4 °C) and pre-
cleared by using appropriate resin (Pierce) at 4 °C. For immunoblot analysis,
samples were transferred to a 0.45-�m PVDF membrane (Millipore) in transfer
buffer (14.4 g of glycine, 3.03 g of Tris base, and 10% methanol to 1 L).
Membranes were blocked for 1 h at 4 °C using blocking buffer (5% BSA TBS-T)
before incubating with primary antibody overnight. Blots were rinsed for 3
times for 10 min before incubating with secondary for 1 h at room tempera-
ture. Blots were then rinsed as before and developed with chemiluminescent
substrate (ECL; Pierce) and X-ray film (Pierce).

Polymer Synthesis. Antigenic polymers were prepared as previously described
(29). Briefly, a succinimidyl ester-substituted norbornene monomer was dis-
solved in a deoxygenated solution of dichloromethane to which a ruthenium
carbene initiator was added. The reaction was terminated with an excess of an
enol ether. The polymer was precipitated by using a solution of 9:1 ether/
benzene and centrifuged. The supernatant was decanted and the remaining
polymer dried to afford an off-white solid.

Further experimental details and figures are found in the SI Text

ACKNOWLEDGMENTS. We thank the University of Wisconsin Carbone Cancer
Center Flow Cytometry Facility, M. J. Allen, and S. J. Mangold for technical
assistance. The A20.2J HLTNP cell line was a generous gift of Dr. A. Ochi. This
work was supported by National Institute of Allergy and Infectious Diseases of
the National Institutes of Health Grant AI055258.

1. Goodnow CC (1996) Balancing immunity and tolerance: Deleting and tuning lympho-
cyte repertoires. Proc Natl Acad Sci USA 93:2264–2271.

2. Crocker PR, Paulson JC, Varki A (2007) Siglecs and their roles in the immune system. Nat
Rev Immunol 7:255.

3. Nitschke L (2005) The role of CD22 and other inhibitory co-receptors in B-cell activation.
Curr Opin Immunol 17:290–297.

4. O’Keefe TL, Williams GT, Davies SL, Neuberger MS (1996) Hyperresponsive B cells in
CD22-deficient mice. Science 274:798–801.

5. Gallo EM, Cante-Barrett K, Crabtree GR (2006) Lymphocyte calcium signaling from
membrane to nucleus. Nat Immunol 7:25–32.

6. Lewis RS, Cahalan MD (1995) Potassium and calcium channels in lymphocytes. Annu
Rev Immunol 13:623–653.

7. Nitschke L, Carsetti R, Ocker B, Kohler G, Lamers MC (1997) CD22 is a negative regulator
of B-cell receptor signalling. Curr Biol 7:133–143.

8. O’Keefe TL, Williams GT, Batista FD, Neuberger MS (1999) Deficiency in CD22, a B
cell-specific inhibitory receptor, is sufficient to predispose to development of high
affinity autoantibodies. J Exp Med 189:1307–1313.

9. Rowley RB, Burkhardt AL, Chao HG, Matsueda GR, Bolen JB (1995) Syk protein-tyrosine
kinase is regulated by tyrosine-phosphorylated Ig alpha/Ig beta immunoreceptor tyrosine
activation motif binding and autophosphorylation. J Biol Chem 270:11590–11594.

10. Cheng AM, et al. (1995) Syk tyrosine kinase required for mouse viability and B-cell
development. Nature 378:303–306.

11. Turner M, et al. (1995) Perinatal lethality and blocked B-cell development in mice
lacking the tyrosine kinase Syk. Nature 378:298–302.

12. Takata M, et al. (1994) Tyrosine kinases Lyn and Syk regulate b-cell receptor-coupled
Ca2� mobilization through distinct pathways. EMBO J 13:1341–1349.

13. Takata M, Kurosaki T (1996) A role for Bruton’s tyrosine kinase in B cell antigen
receptor-mediated activation of phospholipase C-gamma 2. J Exp Med 184:31–40.

14. Cornall RJ, et al. (1998) Polygenic autoimmune traits: Lyn, CD22, and SHP-1 are limiting
elements of a biochemical pathway regulating BCR signaling and selection. Immunity
8:497–508.

15. Doody GM, et al. (1995) A role in B cell activation for CD22 and the protein tyrosine
phosphatase SHP. Science 269:242–244.

16. Stamenkovic I, Sgroi D, Aruffo A (1992) CD22 binds to alpha-2,6-sialyltransferase-
dependent epitopes on COS cells. Cell 68:1003–1004.

17. Collins BE, et al. (2004) Masking of CD22 by cis ligands does not prevent redistribution
of CD22 to sites of cell contact. Proc Natl Acad Sci USA 101:6104–6109.

18. Razi N, Varki A (1998) Masking and unmasking of the sialic acid-binding lectin activity
of CD22 (Siglec-2) on B lymphocytes. Proc Natl Acad Sci USA 95:7469–7474.

19. Razi N, Varki A (1999) Cryptic sialic acid binding lectins on human blood leukocytes can
be unmasked by sialidase treatment or cellular activation. Glycobiology 9:1225–1234.

20. Yang ZQ, Puffer EB, Pontrello JK, Kiessling LL (2002) Synthesis of a multivalent display
of a CD22-binding trisaccharide. Carbohydr Res 337:1605–1613.

21. Bakker TR, Piperi C, Davies EA, Merwe PA (2002) Comparison of CD22 binding to native
CD45 and synthetic oligosaccharide. Eur J Immunol 32:1924–1932.

22. Collins BE, et al. (2006) High-affinity ligand probes of CD22 overcome the threshold set
by cis ligands to allow for binding, endocytosis, and killing of B cells. J Immunol
177:2994–3003.

23. O’Reilly MK, et al. (2008) Bifunctional CD22 ligands use multimeric immunoglobulins
as protein scaffolds in assembly of immune complexes on B cells. J Am Chem Soc
130:7736–7745.

24. Hennet T, Chui D, Paulson JC, Marth JD (1998) Immune regulation by the ST6Gal
sialyltransferase. Proc Natl Acad Sci USA 95:4504–4509.

25. Collins BE, Smith BA, Bengtson P, Paulson JC (2006) Ablation of CD22 in ligand-deficient
mice restores B cell receptor signaling. Nat Immunol 7:199–206.

26. Lanoue A, Batista FD, Stewart M, Neuberger MS (2002) Interaction of CD22 with
alpha2,6-linked sialoglycoconjugates: Innate recognition of self to dampen B cell
autoreactivity? Eur J Immunol 32:348–355.

27. Danzer CP, Collins BE, Blixt O, Paulson JC, Nitschke L (2003) Transitional and marginal
zone B cells have a high proportion of unmasked CD22: Implications for BCR signaling.
Int Immunol 15:1137–1147.

28. Dintzis RZ, Okajima M, Middleton MH, Greene G, Dintzis HM (1989) The immunoge-
nicity of soluble haptenated polymers is determined by molecular mass and hapten
valence. J Immunol 143:1239–1244.

29. Puffer EB, Pontrello JK, Hollenbeck JJ, Kink JA, Kiessling LL (2007) Activating B cell
signaling with defined multivalent ligands. ACS Chem Biol 2:252–262.

30. Bielawski CW, Grubbs RH (2007) Living ring-opening metathesis polymerization. Prog
Polym Sci 32:1–29.

31. Lee Y, Sampson NS (2006) Romping the cellular landscape: Linear scaffolds for molec-
ular recognition. Curr Opin Struct Biol 16:544–550.

32. Schrock RR (2005) High oxidation state alkylidene and alkylidyne complexes. Chem
Commun 2773–2777.

33. Gestwicki JE, Strong LE, Kiessling LL (2000) Visualization of single multivalent receptor-
ligandcomplexesby transmissionelectronmicroscopy.AngewChemIntEd39:4567–4570.

34. Gestwicki JE, Cairo CW, Strong LE, Oetjen KA, Kiessling LL (2002) Influencing receptor-
ligand binding mechanisms with multivalent ligand architecture. J Am Chem Soc
124:14922–14933.

35. Watanabe M, Wegmann DR, Ochi A, Hozumi N (1986) Antigen presentation by a B-cell
line transfected with cloned immunoglobulin heavy- and light-chain genes specific for
a defined hapten. Proc Natl Acad Sci USA 83:5247–5251.

36. Sato K, Ochi A (1998) Inhibition of B-cell receptor-antigen complex internalization by
FcgammaRIIB1 signals. Immunol Lett 61:135–143.

37. Strong LE, Kiessling LL (1999) A general synthetic route to defined, biologically active
multivalent arrays. J Am Chem Soc 121:6193–6196.

38. Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of Ca-2� indicators with
greatly improved fluorescence properties. J Biol Chem 260:3440–3450.

39. Gold MR, Law DA, DeFranco AL (1990) Stimulation of protein tyrosine phosphorylation
by the B-lymphocyte antigen receptor. Nature 345:810–813.

40. Campbell MA, Sefton BM (1990) Protein tyrosine phosphorylation is induced in murine B
lymphocytes in response to stimulation with anti-immunoglobulin. EMBO J 9:2125–2131.

41. Sohn HW, Tolar P, Jin T, Pierce SK (2006) Fluorescence resonance energy transfer in
living cells reveals dynamic membrane changes in the initiation of B cell signaling. Proc
Natl Acad Sci USA 103:8143–8148.

42. Gonfloni S, Weijland A, Kretzschmar J, Superti-Furga G (2000) Crosstalk between the
catalytic and regulatory domains allows bidirectional regulation of Src. Nat Struct Biol
7:281–286.

43. Smith KG, Tarlinton DM, Doody GM, Hibbs ML, Fearon DT (1998) Inhibition of the B cell
by CD22: A requirement for Lyn. J Exp Med 187:807–811.

44. Poe JC, et al. (2004) CD22 regulates B lymphocyte function in vivo through both
ligand-dependent and ligand-independent mechanisms. Nat Immunol 5:1078–1087.

45. Watanabe D, et al. (2001) Four tyrosine residues in phospholipase C-gamma 2, iden-
tified as Btk-dependent phosphorylation sites, are required for B cell antigen receptor-
coupled calcium signaling. J Biol Chem 276:38595–38601.

46. Kurosaki T, et al. (1995) Role of the Syk autophosphorylation site and SH2 domains in
B cell antigen receptor signaling. J Exp Med 182:1815–1823.

47. Maeda A, et al. (1999) Paired immunoglobulin-like receptor B (PIR-B) inhibits BCR-
induced activation of Syk and Btk by SHP-1. Oncogene 18:2291–2297.

48. Adachi T, et al. (2001) SHP-1 requires inhibitory co-receptors to down-modulate B cell
antigen receptor-mediated phosphorylation of cellular substrates. J Biol Chem
276:26648–26655.

49. Bax M, et al. (2007) Dendritic cell maturation results in pronounced changes in glycan
expression affecting recognition by siglecs and galectins. J Immunol 179:8216–8224.

Courtney et al. PNAS � February 24, 2009 � vol. 106 � no. 8 � 2505

IM
M

U
N

O
LO

G
Y

CH
EM

IS
TY

http://www.pnas.org/cgi/data/0807207106/DCSupplemental/Supplemental_PDF#nameddest=STXT

